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In Brief
Reber et al. demonstrate that neurons in the human MTL also fire in response to unseen visual stimuli and that not only strength but also timing of neuronal responses indicates conscious perception.
SUMMARY
The neuronal mechanisms giving rise to conscious perception remain largely elusive [1] . It is known that the strength of single-neuron activity correlates with conscious perception, especially in anterior regions of the ventral pathway in non-human primates [2] [3] [4] and in the human medial temporal lobe (MTL) [5, 6] . It is unclear, however, whether single-neuron correlates of conscious perception are characterized solely by the magnitude of neuronal responses, and whether the correlates of perception are equally prominent across different regions of the human MTL. While recording from 2,735 neurons in 21 neurosurgical patients during 40 experimental sessions, we created experimental conditions in which otherwise identical visual stimuli are sometimes seen and sometimes not detected at all by means of the attentional blink, i.e., the phenomenon that the second of two target stimuli in close succession often goes unnoticed to conscious perception [7] . Remarkably, responses to unseen versus seen stimuli were delayed and temporally more dispersed, in addition to being attenuated in firing rate. This finding suggests precise timing of neuronal responses as a novel candidate physiological marker of conscious perception. In addition, we found modulation of neuronal response timing and strength in response to seen versus unseen stimuli to increase along an anatomical gradient from the posterior to the anterior MTL. Our results thus map out the neuronal correlates of conscious perception in the human MTL both in time and in space.
RESULTS

Attentional Blink Effectively Hides Stimuli from Awareness
During each trial of the attentional blink experiment, subjects were instructed to focus on two target images (T1/T2) that appeared in a subsequent stream of rapid serial visual presentation of images.
Subjects then reported separately for T1 and T2 whether they had seen it ( Figure 1A ; STAR Methods). Our analyses focus on the contrasts of trials in which the participant reported having seen the second target stimulus in the sequence or not (henceforth abbreviated by the terms ''T2 seen'' and ''T2 unseen''). We observed less frequent ''seen'' reports for T2 than T1 images, especially at shorter lags between T1 and T2 ( Figure 1B ). Accordingly, a 2 3 4 repeated-measures ANOVA for 21 subjects with factors target (T1, T2) and lag (0 to 3 intermediary stimuli) on the percentage of seen responses revealed a significant interaction of lag 3 target (F 3,60 = 13.313, p = 9.120 3 10
À7
, h p 2 = 0.400).
The main effects of target (F 1,20 = 27.145, p = 4.249 3 10
À5
, h p 2 = 0.578) and lag were likewise significant (F 3,60 = 7.962, p = 1.493 3 10 À4 , h p 2 = 0.285; see Tables S1 and S2 for post hoc comparisons). These results confirm that attentional blink creates a situation in which otherwise identical stimuli are sometimes consciously perceived and sometimes not detected at all. Besides these classic attentional blink effects, we also found that the percentage of seen reports decreased with increasing number of intervening distractor stimuli between T2 and the response screen (5 intervening items: 86% seen, 6: 80%, 7: 79%, 8: 75%, 9: 73%, 10: 73%; repeated-measures oneway ANOVA: F 5,20 = 9.81, p = 1.19 3 10 À7 , h p 2 = 0.329). However, this effect cannot be properly isolated from the effect of lag as these factors are highly correlated (R = .81, p < 0.001). Furthermore, the percentage of false positive responses, i.e., responding with ''seen'' on catch trials in which the target stimulus was omitted, was low (median [Mdn] = 6.51%, interquartile range [IQR] = 11.46%), suggesting that only few misclassifications of awareness occurred.
Firing Rate and Response Latency of Single Neurons
Correlate with Awareness Action potentials from single neurons were recorded via microwires protruding from the shaft of electrodes implanted for epilepsy monitoring. Bilateral recording sites included amygdala (AM), hippocampus (HC), entorhinal cortex (EC), and parahippocampal cortex (PHC; see STAR Methods). The following analyses focus on a subset of 79 neurons that responded with increased firing selectively to only one of the stimuli and whose preferred stimulus was reported as unseen at least 4 times when presented as T2 (see STAR Methods).
In agreement with previous findings [5] , some neurons responded in an all-or-none fashion to seen versus unseen presentations of the preferred stimulus ( Figure 1C ). Activity in other neurons, however, was delayed and temporally more dispersed, indistinguishable, or diminished for unseen versus seen trials ( Figures 1D-1F , respectively).
Neurons Show a Gradient of Increasing AwarenessRelated Response Activity from Posterior to Anterior MTL Regions We computed the grand mean of normalized instantaneous firing rates (see STAR Methods) in medial temporal lobe (MTL) regions and grouped responses into an anterior (AM, n = 18), intermediate (HC/EC, n = 26), and posterior (PHC, n = 35) region. Awareness-related activity was computed as the difference between normalized instantaneous firing following the preferred stimuli presented as T2 seen and T2 unseen ( Figure 2E ). As omnibus test, we used a cluster-based permutation test based on a one-way ANOVA (see STAR Methods) with the factor anatomical region (AM, HC/EC, PHC). Activity difference was smallest in PHC, intermediate in HC/EC, and largest in AM in a cluster ranging from 308 to 553 ms post-stimulus (p = 0.003; Figure 2F ; (A) Sequence of events in one trial is shown from top left to bottom right. Eight stimuli presumed to elicit selective responses in individual neurons were selected in a preceding screening session (STAR Methods). During the main experiment, these eight stimuli were presented in a rapid serial visual presentation (RSVP) sequence. Participants were instructed to look out for two of these eight stimuli before the RSVP commenced. We use the term ''T1'' to designate the target stimulus that appears first in the sequence of rapid presentations and ''T2'' for the target stimulus that appears second. In any given trial, T1 and T2 were always two different images, except for catch trials in which either T2 or both target stimuli were omitted (see STAR Methods). The lag between T1 and T2 images varied from 0 to 3 (3 in the trial shown). The stimulus onset asynchrony (SOA) was usually 150 ms. After the RSVP stream, participants responded by button press whether or not they had seen T1 and T2, resulting in a classification of trials into T2 seen and T2 unseen. (B) Behavioral results indicate that T2 versus T1 images were reported less often to have appeared in the sequence, which is indicative of attentional blink. See also Tables S1 and S2. (C-F) Examples of single-neuron responses. The image in the top right of each panel depicts the stimulus that elicited a selective response for a neuron. A density plot of all spike waveforms is displayed in the top left. Raster plots depict observed spike times relative to stimulus onset of T1/T2 within the rapid presentation stream, color-coded per condition (yellow: T1 seen, green: T2 seen, red: T2 unseen). The graph below the raster plots shows mean instantaneous firing rates (Hz). Zero on the x axes denotes stimulus onset. RPH, right posterior hippocampus; LA, left amygdala; RPHC, right parahippocampal cortex; LPHC, left parahippocampal cortex.
see Table S3 for significant clusters and pairwise comparisons). This effect was mainly driven by differences in firing strength to seen targets across regions ( Figure 2D ; Table S3 ), while firing to unseen targets was similar in strength (but not in latency; see below) across regions ( Figure 2E ; Table S3 ). Comparisons of instantaneous firing to seen versus unseen stimuli for individual anatomical regions corroborated these findings (Figures  2A-2C ; Table S3 ). Neurons fired selectively to only one of the stimuli, and firing in response to non-preferred stimuli did not exceed baseline (Figures 2A-2C and S1 ).
Neurons throughout the MTL Respond to their Preferred Stimulus Even when It Is Reported as Unseen
We computed receiver operating characteristics (ROC) and corresponding areas under the curve (AUC), treating spikes following the preferred versus non-preferred stimulus as true versus false positives, respectively. ROCs were computed in moving windows of 200 ms width in 1 ms steps (Figures 3A and 3D ; Table S4 ). Significant above-chance classification of the presence or absence of the preferred stimulus was possible throughout the MTL, even when the stimulus was reported as unseen (AUC > 0.5; cluster permutation test; STAR Methods; Figures 3B and 3E).
While the peak amplitudes of AUC profiles of T2 unseen trials were similar across regions, their peak latency varied ( Figure 3E ; Table S4 ). Stimulus identity could be distinguished earlier in posterior (AUC > 0.5, PHC: 95-302 ms, p < 0.001) than in intermediate and anterior (AUC > 0.5, HC/EC: 205-222 ms, p = 0.015 and 224-341 ms, p = 0.002; AM: 227-274 ms, p = 0.002) neurons. Intermediate and anterior activity could be used to decode stimulus identity even at later time periods ( Figure 3 ; Table S4 ).
Neuronal Firing in Anterior MTL Regions Predicts Awareness
We calculated moving window ROC analyses treating T2 seen versus T2 unseen activity following presentation of the preferred stimulus as true versus false positives, respectively ( Figure 3C ). Anatomical regions differed in whether reported awareness could be reliably decoded (cluster permutation ANOVA: 384-438 ms, p = 0.012). Neuronal activity in anterior and intermediate MTL regions reliably distinguished T2 seen versus T2 unseen in (A-C) Z-score-normalized instantaneous firing rates (STAR Methods) were first averaged across T2 seen and T2 unseen trials and then averaged across neurons in amygdala (AM; A), hippocampus/entorhinal cortex (HC/EC; B), and parahippocampal cortex (PHC; C). Green and red curves depict average responses to preferred stimuli presented as T2 seen and unseen, respectively. Gray curves depict average responses to the non-preferred stimuli with the lowest p value of the response criterion (second-most-preferred stimulus; STAR Methods) presented as T2 seen (see Figure S1 for responses to all non-preferred stimuli). Colored bars display p values of paired-samples t tests for T2 seen versus T2 unseen conditions and one-sample t test of individual curves against 0. (D-F) Comparisons across anatomical regions of T2 seen (D) and T2 unseen (E) and of the difference between these two conditions (F). Colored bars below the plots represent p values of a one-way ANOVA with factor region (AM, HC/EC, PHC) and p values from paired-samples t tests between regions. A gray line with an asterisk above the colored bars indicates a significant cluster (p < 0.05) resulting from a label-shuffling test (STAR Methods; Table S3 ). Standard errors of the mean (SEMs) were computed by taking the standard deviation (SD) of 400 bootstraps of the mean.
multiple clusters between 73 and 569 ms (Table S3) Longer latencies in HC/EC and AM neurons were specific to unseen trials as T2 seen latencies did not differ across anatomical regions ( Figure 4D ; H = 1.380, p = 0.502, Kruskal-Wallis test). We also calculated the difference between T2 seen and T2 unseen latencies per neuron. Again, anatomical regions differed significantly ( Figure 4E ; H = 6.06, p = 0.048, Kruskal-Wallis test). Post hoc Mann-Whitney U tests indicated that this was mainly due to stronger slowing of T2 unseen versus T2 seen responses in AM (Mdn = À214 ms, IQR = 246 ms) than PHC (Mdn = 9 ms, IQR = 171 ms; p = 0.020).
Neuronal response latencies to distractor stimuli during the RSVP sequence did not differ significantly across anatomical Table S4 ). SEMs were computed by taking the SD of 400 bootstraps of the mean.
regions. In contrast, neuronal response latencies for stimuli presented during the response screen were found to be earlier in PHC than AM and HC/EC as previously reported [9] (Figure S3 ).
To investigate effects on response latencies more closely (see also Figure S4 ), we assessed the dispersion of latency values using two separate measures. First, we calculated the pairwise differences between trialwise response latencies. Second, we calculated the range of the 2/3 of values closest to the median (see STAR Methods). Pairwise latency differences were larger for T2 unseen than T2 seen overall (p = 9.57 3 10
À3
, BrownForsythe test [10] with bootstrapping; see STAR Methods; Figure 4B) , which was mainly driven by neurons in the amygdala (AM p = 7.66 3 10 À7 , HC/EC p = 0.350, PHC p = 0.273). Distributions of latency ranges for T2 seen and unseen revealed a similar pattern, but the difference in dispersion did not reach significance (overall p = 0.181; Figure 4C ). Note that response latency and dispersion were independent from measures of response magnitude ( Figure S2 ). Finally, in the 37 cells for which burst lengths could be determined (STAR Methods), no significant difference in burst length between T2 seen and T2 unseen trials could be observed (Wilcoxon signed-rank test, p = 0.519).
DISCUSSION
Our results show that not only strength but also the latency of MTL neuronal firing correlates with conscious perception. Thus, we propose stereotypical and precise timing of neuronal spiking activity as a novel candidate correlate of consciousness in humans. Furthermore, our study reveals an anatomical gradient along which neuronal activity is increasingly modulated in response to consciously versus unconsciously perceived visual stimuli. While neuronal responses in posterior MTL neurons were similar for seen and unseen targets, responses in intermediate and particularly anterior regions occurred later, were temporally more dispersed, and were attenuated for unseen versus seen targets. Neuronal activity following unseen stimulus presentations was nevertheless present throughout the MTL such that we could decode the presence or absence of the preferred stimuli.
In line with our findings, highly stereotypical response latencies have been observed in monkey and rodent sensory areas, and the timing of the response to a stimulus was found to carry as much or even more information than a rate code that integrates firing over hundreds of milliseconds [11] [12] [13] . Together with slow oscillatory network activity in lower frequency ranges (2-6 Hz) [14] , precise and stereotypical neural response latencies have been suggested to provide ensuing neural processes with a temporal reference frame for segmenting spiking activity into informative patterns. A failure of this segmentation may have caused the attentional blinks observed in our study since neuronal responses were delayed, and inter-trial variance of neuronal response latencies was increased for unseen versus seen stimuli. One could conjecture that delayed and more dispersed spiking reflects a failure of temporal selective attention-an idea put forward by recent scalp EEG and behavioral studies. In these studies, T1 and T2 were marked as targets by adding a circle around the stimulus (a letter) during the rapid presentation sequence, and participants were required to report the circled letters [15, 16] . Attentional blinks manifested in more frequent reports of the non-target stimulus following rather than preceding T2 [15, 16] . Furthermore, delayed and reduced P300 components have been observed following unseen versus seen targets in scalp EEG studies [17, 18] . Along these lines, mental training has been shown to increase target detection at the behavioral level and to yield temporally more consistent processing as indexed by increased inter-trial phase consistency in the theta range [19] . While the relationship between these low-frequency components and single-neuron activity is obviously complex [20] , it is nevertheless remarkable that these three aspects of a failure of temporal selective attention observed in scalp EEG studies-namely reduced, delayed, and temporally more dispersed electrophysiological activity-can also be observed at the level of single neurons in the MTL.
Our data suggest that neurons throughout the MTL fire in response to their preferred stimuli even if subjects report unawareness of them. This finding suggests that neural events correlate with consciousness in a graded rather than an all-ornone fashion [21] [22] [23] and adds that significant information about the identity of the preferred stimulus can be read out from neural activity in the MTL, even when it is not consciously perceived. This finding contrasts with studies reporting absence of unit firing in the MTL in response to unseen stimuli. One study used brief presentations and backward masking [5] . Two other studies used binocular rivalry and flash suppression [6, 24] , which entails the concurrent presentation of stimuli likely competing for resources within the visual processing stream. These procedures could plausibly block processing at earlier stages of the visual pathway outside the MTL. Neural signals following unseen trials during attentional blink, in contrast, have previously been reported to reach posterior MTL structures, albeit scalp EEG and fMRI were used in these studies [25] [26] [27] . For example, attentional blinks elicit event-related potential components associated with semantic processing that likely originate from MTL structures [17, [28] [29] [30] [31] and elicit fMRI signals in posterior MTL regions [25] . Our single-unit data reveal that stimulus-specific neural signals can reach up to intermediate (HC/EC) and even anterior (AM) parts of the MTL. Although stimulus-specific information is available in unit firing throughout the MTL even though participants report unawareness of the stimuli, it is being discussed whether this information can become behaviorally relevant, e.g., in implicit MTL-dependent memory [32] [33] [34] .
While attentional blink is an established paradigm to isolate neural correlates of consciousness (e.g., [17, 25, 35] ), memoryrelated mechanisms may also play a role in whether a target is reported as seen or not. In line with this notion, we found that intervening distractors between T2 and reporting modulate the percentage of T2 seen reports. Also, stimulus-specific firing could result from trials with weak sensory experience that is reported as unseen due to high criterion for seen reports. This problem could be alleviated by using additional response options for partial awareness. However, it cannot account for our finding of graded neuronal responses because previous studies reporting all-or-none responses also used binary response options [21] [22] [23] .
Our results demonstrate an anatomical gradient of increased modulation of neural activity in response to seen versus unseen stimuli along the posterior-anterior axis of the MTL. Although neuronal activity in early visual areas can be modulated by higher cognitive mechanisms such as context and attention [36] , it has also been shown that neural signals in these early areas are not correlated with awareness [37, 38] . Remarkably, our data reveal that neurons in posterior MTL regions (PHC) behave quite similarly in that they fired in response to their preferred stimulus in similar magnitudes and latencies regardless of whether the stimulus was later reported as seen or not. This suggests that neuronal representations in the PHC are not accessible to conscious experience, which connects with the notion that the PHC is at the lower end of a processing hierarchy within MTL structures [9] . In contrast, effects of reported awareness on neuronal response timing and magnitude were evident in intermediate and even more so in anterior regions, suggesting a gradient of increased tuning to the contents of conscious experience within the MTL. Our findings thus agree with notions that the neural correlates of consciousness can be pinned down anatomically [1, 21, 39, 40] and add that especially the anterior regions of the MTL accurately reflect the contents of conscious experience.
In conclusion, our findings suggest precise timing of neuronal responses as a novel candidate physiological marker of conscious perception. In addition, we found modulation of neuronal response timing and strength in response to seen versus unseen stimuli to increase along an anatomical gradient from posterior to anterior MTL. Our results thus map out the neuronal correlates of conscious perception in the human MTL both in time and in space.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Subjects were 21 epilepsy patients (12 male; age M [SD] = 37.86 [10. 89] years) with MTL depth electrodes implanted for chronic seizure monitoring. The typical duration of EEG monitoring was seven to ten days, during which patients participated in various cognitive experiments. The study conformed to the guidelines of the Medical Institutional Review Board at the University of Bonn. Informed written consent was obtained from each subject.
METHOD DETAILS Electrophysiological Recordings
Recordings were obtained from a bundle of nine microwires (eight high-impedance recording electrodes, one low-impedance reference, AdTech, Racine, WI) protruding from the end of each depth electrode. The differential signal from the microwires was amplified using a Neuralynx ATLAS system (Bozeman, MT), filtered between 0.1 and 9,000 Hz, and sampled at 32 kHz. These recordings were stored digitally for further analysis. Recording electrodes were either referenced against one of the reference electrodes or in a bipolar scheme, depending on signal quality. Spike detection, and sorting was performed after band-pass filtering the signals between 300 and 3,000 Hz as described previously [41, 44] . The number of recording microwires per patient ranged from 32 to 96.
Attentional Blink Paradigm
A standard laptop running the Psychophysics Toolbox (www.psychtoolbox.org/ [42] ) under MATLAB (https://www.mathworks.com) was used for stimulus presentation. The refresh rate of the display was set to 60 Hz. The stimulus set for each experimental session consisted of eight stimuli that were selected based on the results of a preceding screening procedure as being likely to elicit selective responses in one or more of the recorded neurons [10, 11] .
Participants were tested at bedside and instructed to report on each trial whether two target images (T1 and T2) were among a sequence of 14 images presented in rapid succession ( Figure 1A) . At the beginning of a trial, participants were prompted with a screen showing T1 and T2 side by side. After confirmation of the prompt by button press, a fixation cross was presented for 400 ms, then the rapid serial visual presentation of the 14 images commenced. Thereafter, a blank screen for 400 ms was followed by two separate queries if the participants had seen the target images (T1/T2) during the rapid presentation sequence or not (response screen).
Each session consisted of 216 trials and was split into three runs of 72 trials each. The sequence of trials was randomized within a run. Each of the eight response-eliciting images were chosen to be either T1 or T2 an equal number of times. Additionally, in 16 randomly selected trials per run, either only T2 (eight trials) or T1 and T2 (eight trials) were omitted during the rapid presentation sequence yielding slightly varying amounts of T1/T2 trials per image. These catch-trials were introduced to assess the false positive rate of seen reports. The position of T1 and T2 in the sequence was set pseudorandomly with the constraints that T1 position ranged from 3rd to 5th, the lag between T1 and T2 ranged between zero and three intervening image presentations. The remaining 12 positions in the rapid presentation sequence were pseudorandomly filled with the remaining six images, i.e., distractors, with the constraint that identical images were not presented successively. The default stimulus onset asynchrony (SOA) in the rapid presentation sequence was 150 ms (35 sessions), but was reduced to SOAs in the range of 100 to 135 ms in patients who reported only few unseen trials in their first session (five sessions).
QUANTIFICATION AND STATISTICAL ANALYSIS
Identification of Responsive Neurons
Spike counts were obtained in 19 overlapping 100-ms-bins in a response window ranging from 0 to 1,000 ms post stimulus, and during a baseline window ranging from À400 to 0 ms for each presentation of an image as distractor. A Wilcoxon signed-rank test treating trialwise baseline and response window spike counts as pairs was computed for each of the 19 bins. Spike counts were normalized to the corresponding bin size. Resulting p values were corrected for multiple comparison using the Simes procedure [45] . The lowest p value after correction was used to quantify the strength by which a unit responded with increased firing to a certain stimulus.
A p value threshold for considering a unit as responding to a stimulus was derived by the following. Raster plots of unit responses with a p value < 0.001 were visually inspected by four experienced electrophysiologists and rated as valid responses or not. Raters were generally in good agreement (Fleiss' k = 0.78). Responses were considered ''true'' if at least two of the raters judged a raster plot as a valid response. The optimal p value threshold (p < 5 3 10 À6 ) was derived from Receiver Operating Characteristics (ROC),
i.e., was defined as the point on the ROC curve with minimal distance to the top-left corner ([0, 1]).
Computation of Instantaneous Firing Rates
To compare neuronal firing in response to a stimulus across conditions of interest (T2 seen versus T2 unseen), we computed Z scores of instantaneous firing rates. Instantaneous firing was approximated by trialwise convolution of spike trains with a Gaussian kernel (100 ms full width half maximum). These signals were Z transformed using the mean and standard deviation across all target presentations (T1/2, seen/unseen) of the signal after convolution averaged over a baseline interval ranging from À500 ms to stimulus onset (0 ms). Normalized signals were then averaged per unit and condition of interest (T2 seen, T2 unseen).
Cluster-Based Permutation Statistics
The reported cluster-based label shuffling statistics were computed as described previously [46] . Briefly, a series of either one sample, independent samples, or paired samples t tests is computed at each time point. The sum of t-values is computed for each cluster of contiguous time points at which the t test yields p < 0.005 (cluster-alpha). Sum of t-values are obtained once using the original assignments of labels to the data, and 1000 times with random assignments of condition labels to the data, i.e., labelshuffling. The resulting p value reflects the percentile of the sum of t-values obtained using the original assignment of labels in the distribution of sums of t-values obtained with random labels. We applied the same procedure to compare signals between anatomical regions. Here, we computed one-way ANOVAs and the sum of F-values per cluster.
Estimation of Response Latencies
Latency of neuronal firing in response to the preferred stimulus was estimated for each trial in a response-period from 100 to 1,000 ms post stimulus. For units with a baseline firing rate above 2 Hz, we used a possion burst detection algorithm ( Figure 4 ) [8, 9] . For units with a lower baseline firing rate (<2 Hz), the first spike time within the response period was taken as measure of response latency. The median of these response latencies across trials was taken for the T2 seen and T2 unseen conditions for each unit. For these analyses, units were included only if latency values could be determined for at least two trials per condition of interest (T2 seen, T2 unseen). Sixty-two out of the 79 selected units (see above) met this criterion.
Dispersion of Response Latencies
We calculated two different measures to assess the dispersion of latency values. First, the absolute differences between all possible pairs of trialwise latencies for each unit were calculated separately for seen and unseen trials (i.e, pairwise latency differences, Figure 4B) . Second, we took the two thirds of latencies values closest to median in each unit and condition (T2 seen and T2 unseen), and calculated the difference between the highest and lowest value of these latencies (i.e., latency range, Figure 4C ). As there were more trials for T2 seen versus T2 unseen, we drew randomly as many trials from the T2 seen set as there were trials available for T2 unseen in each unit, calculated the F-value resulting from the Brown-Forsythe test for equality of variance [10] , and repeated this procedure 1,000 times. The reported p value results from the median of these 1,000 F-values. This randomization procedure was applied both to pairwise latency differences and latency range.
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